Chemical composition and thermodynamics properties of different thermal plasmas are calculated in a wide range of temperatures (300-100,000 K) and pressures (10 À6 -100 atm). The calculation is performed in dissociation and ionization temperature ranges using statistical thermodynamic modeling. The thermodynamic properties considered in this study are enthalpy, entropy, Gibbs free energy, specific heat at constant pressure, specific heat ratio, speed of sound, mean molar mass, and degree of ionization. The calculations have been done for seven pure plasmas such as hydrogen, helium, carbon, nitrogen, oxygen, neon, and argon. In this study, the Debye-Huckel cutoff criterion in conjunction with the Griem's self-consistent model is applied for terminating the electronic partition function series and to calculate the reduction of the ionization potential. The Rydberg and Ritz extrapolation laws have been used for energy levels which are not observed in tabulated data. Two different methods called complete chemical equilibrium and progressive methods are presented to find the composition of available species. The calculated pure plasma properties are then presented as functions of temperature and pressure, in terms of a new set of thermodynamically self-consistent correlations for efficient use in computational fluid dynamic (CFD) simulations. The results have been shown excellent agreement with literature. The results from pure plasmas as a reliable reference source in conjunction with an alternative method are then used to calculate the thermodynamic properties of any arbitrary plasma mixtures (mixed plasmas) having elemental atoms of H, He, C, N, O, Ne, and Ar in their chemical structure.
Introduction
Thermal plasma has a wide range of fundamental and practical applications such as surface processing, cutting, waste treatment, spraying, lighting, welding, arc furnaces, re-entry of spacevehicles, propulsion, fusion, water purification, magnetohydrodynamic convertors, computational fluid dynamic (CFD) simulation, and medicine. A common feature among these applications is that various gas mixtures are used. In all of these applications, the thermodynamic properties of plasma mixtures at a broad range of temperatures and pressures must be calculated to ensure accurate modeling of thermal plasma. In the literature, for thermodynamic properties of thermal plasma, there are a few main resources with limited range of temperature and pressure such as JANAF tables (pressure of 1 atm and temperature up to 6000 K) and NASA correlations (pressure of 1 atm and temperature of up to 20,000 K). The other published works by individual researchers are either for a limited range of operating conditions or/and for a specific plasma composition.
Air plasma has been in particular attention due to its importance in the aerothermodynamics analysis in re-entry of the spacevehicles into the earth atmosphere [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The other plasma mixtures that have been brought under consideration were hydrogen [14] [15] [16] [17] [18] , helium [19] , argon [20] [21] [22] [23] , and their mixtures [24, 25] .
A complementary review on thermal plasma can be found in our previous publication [26] . Thermal plasma has been modeled using acceptable local thermodynamic equilibrium and ideal gas equation of state assumptions. Some of the previous works suffer from several limitations such as narrow range of temperature and pressure, considering only ground state or a limited number of energy levels for electronic partition functions of atomic species, considering only a few first ions for each elemental atom, neglecting the Debye-Huckel effect, ignoring reduction of ionization potential, excluding the minor species in calculation, using simplified methods in composition calculation, and most importantly lack of exact curve-fit correlations. Most of the gas mixtures in thermal plasma applications contain hydrogen, helium, carbon, nitrogen, oxygen, neon, and argon as their elemental atoms. Therefore, it is necessary to have a valid and accurate model to generate the thermodynamic properties of any pure and mixed thermal plasma over a wide range of operating conditions.
The purpose of this paper is to provide the thermodynamic properties for different pure plasmas such as hydrogen, helium, carbon, nitrogen, oxygen, neon, argon, and their arbitrary combinations. The thermodynamic properties such as enthalpy, entropy, Gibbs free energy, specific heat at constant pressure, specific heat ratio, speed of sound, mean molar mass, and degree of ionization have been calculated and correlated for a wide range of temperatures (300-100,000 K) and pressures (10 À6 -100 atm). The calculations for thermodynamic properties and equilibrium composition of individual species have been done in two different temperature ranges called dissociation and ionization [26] . In order to prevent the divergence problem of the electronic partition function expansion series of atomic species, the Griem's self-consistent model [27] in conjunction with the Debye-Huckel length has been applied to calculate the reduction of the ionization potential as a function of temperature and pressure. The effect of number of energy levels and two different equilibrium composition solvers [28] [29] [30] on thermodynamic properties of thermal plasma have been demonstrated. The structure of this paper is explained in subsequent sections. Section 2 introduces the method of calculation and list of pure plasmas considered in this study. Section 3 describes two different methods for composition calculation. Section 4 explains the thermodynamic properties model and introduces the thermodynamically self-consistent correlations for pure plasmas. Section 5 presents and discusses the new calculation method for thermodynamic properties of an arbitrary gaseous plasma mixture in terms of its pure constituents. Tables 4-11 in the Appendix gives the coefficients of the proposed correlations for pure plasmas.
Calculation Method
The calculations described here have been performed under the assumption that the plasma is in local thermodynamic equilibrium. In addition to this assumption, two other restrictions are applied on the plasma. First, plasma is quasi-neutral and second, plasma as a whole, as well as each of its components, followed the ideal gas equation of state. These assumptions are valid for many thermal plasma including pure plasma listed in Table 1 for which the Boltzmann statistics is used. In order to obtain an accurate calculation and reliable results, all the available species have been included in the modeling. In this paper, a thorough calculation is performed on pure plasmas shown in Table 1 . Thermodynamic properties of any arbitrary gaseous plasma mixture can be later estimated in terms of these pure plasmas. Figure 1 shows the flowchart of the solution procedure algorithm. Each part will be discussed in detail over the Secs. 3 and 4.
Plasma Composition
Composition of plasma mixtures over a wide range of temperatures and pressures can be calculated using two different methods: (1) complete equilibrium and (2) progressive. In complete equilibrium method, the Gibbs free energy minimization along with three constraints of (1) elemental atom conservation, (2) electrical neutrality, and (3) non-negativity of the mole numbers [28, 29, 31] is used. For more information about the complete equilibrium refer to our previous paper [26] . This method takes into account the chemical interactions between available species under local thermodynamic equilibrium condition in both dissociation and ionization regimes. It has a high accuracy in composition calculation but at the same time it significantly increases the computational expense which is not desired in some applications such as computational fluid dynamic simulation. The complete equilibrium is a good candidate when the purpose of calculation is to create a valid and accurate database of thermophysical properties. The desired properties will later be directly extracted from this database for modeling or mathematical correlations development. In this paper, the complete equilibrium is used to calculate the plasma composition for a wide range of temperatures (300-100,000 K) and pressures (10
À6
-100 atm). The equilibrium composition of air plasma is shown in Fig. 2 . In this study, air is considered as a mixture of N 2 : 78.084%, O 2 : 20.946%, Ar: 0.9335%, CO 2 : 0.03398%, Ne: 0.001818%, and He: 0.000702% [32] . In composition calculation of air plasma, 99 species as listed in Table 2 are used. The results show a very good agreement with Hilsenrath and Klein [7] (up to 15,000 K) and Gilmore [1] (up to 24,000 K) at atmospheric pressure.
Sometimes, it is required to incorporate the plasma calculation inside the modeling. In this case, it is acceptable to sacrifice some accuracy while increasing the computational speed. For this reason, the authors have developed a new composition solver based on a progressive solution of single reaction equilibria as shown in Fig. 3 . This progressive method which is also called step-by-step method is an analytical derived formulations obtained from statistical thermodynamic. The corresponding analytical expressions have been derived using mass action and Saha's equations in conjunction with several assumptions including: (1) the ionization is Transactions of the ASME an endothermic process, (2) one reaction is complete before the next reaction starts, and (3) every two adjacent reactions are in mutual equilibrium. The validity of the last two assumptions can be proven through the step-by-step behavior in ionization phase as shown in Fig. 4 . This figure shows the mean molar mass and molar mass ratio of the helium plasma at different pressures for a wide range of temperature. The molar mass ratio defines as the number of species per mole of plasma to the number of species per mole in undissociated gas. The stepwise changes in the mean molar mass and the molar mass ratio as well as the zero slope transition from one ionization to another shown in Fig. 4 are associated to the successive ionization of atomic species. This observation is at the basis of the relatively good approximation obtained with the step-by-step model. As shown in Fig. 4 , the stepwise behavior is suppressed as pressure increases which answers why the agreement between step-by-step and complete equilibrium is getting worse at elevated pressures.
The starting point in this model is the mass fraction of elemental atom A computed in the dissociation temperature range. This model is computationally much cheaper than complete equilibrium, while it still has a good accuracy. For a typical ionization reaction
where A is the typical elemental atom, e is the charge and reaction number, and e e is the electron of the eth reaction. The equilibrium constant based on concentration, using mass action and ideal gas laws, is given by
where n is the mole number, T is the temperature, P is the pressure, K ci is the equilibrium constant based on concentration, R is the universal gas constant, and subscript t stands for total. Equation (2) can also be expressed in terms of species mass fractions as Fig. 2 Comparisons of the selected species mole fraction of air plasma obtained with complete equilibrium (dashed line) and those obtained by Gilmore (ٗ) [1] and Hilsenrath and Klein (o) [7] at atmospheric pressure where y denotes the mass fraction, M the molar mass, and K pi the equilibrium constant based on pressure which can be found by Saha's equation [33] 
where Q e is the electronic partition function, N A is the Avogadro's number, k is Boltzmann constant, h p is Plank constant, and Ã is the energy of formation. The energy of formation is related to the reduced ionization potential which is a function of temperature, pressure, and number densities. The mass conservation and charge neutrality equations are given by
Combining Eqs. (5) and (6), we obtain
where
Substituting Eqs. (7) and (8) in Eq. (3) then gives
Solving this second-order equation, we find
The actual mass fraction of A e is achieved by correcting y 0 A e in Eq. (16) by taking into account the effect of the next ionization
The mole fractions of neon plasma are calculated over a wide range of temperatures to show the difference between complete equilibrium and step-by-step methods. This comparison is shown in Fig. 5 for three pressures of (a) 10 À6 atm, (b) 1 atm, and (c) 100 atm. As shown in this figure, step-by-step method has a satisfactory agreement with complete equilibrium. In low-pressure condition as shown in Fig. 5(a) , the difference between these two methods is appeared at lower temperatures. The amount of this discrepancy and the affected temperature range is growing as pressure increases as shown in Figs. 5(b) and 5(c). This difference which is mostly associated to the first and second ionization steps is suppressing by increasing in temperature. As mentioned earlier, the analytical expressions in step-by-step method have been derived under the ideal gas assumption. The deviation of plasma at low temperatures and high pressures from ideal gas behavior is the reason that plasma composition calculated from step-by-step method is different than complete equilibrium. The amount of this difference increases as plasma deviates more from ideal gas behavior. In these conditions, step-by-step method predicts the ionization initiation at higher temperature comparing with complete equilibrium.
4 Thermodynamic Properties of Pure Plasma 4.1 Individual Species. Using the partition function concept [33] in statistical thermodynamic along with spectroscopic constants, thermodynamic properties of individual monoatomic species available in ionization temperature range can be calculated. These monoatomic species including neutral elemental atoms, positive atomic ions, and electrons have a significant effect on plasma properties at high temperatures. For more information, refer to our previous publication [26] . The specific enthalpy ðkJ=kgÞ, specific entropy ðkJ=kg KÞ, specific Gibbs free energy or equivalently chemical potential ðkJ=kgÞ, and finally specific heat at constant pressure ðkJ=kg KÞ of the pure i th species are given, respectively, by 
where m is the mass of the molecule, g n is the statistical weight, n is the electronic energy of the nth level, and J n is the corresponding angular momentum quantum number. For a hypothetical isolated atomic species, the summation in Eq. (28) diverges because the upper energy level is infinite and the statistical weight increases rapidly with the number of energy levels (e.g., for hydrogen atoms, g n / n 2 ). But when we are dealing with a mixture of species with many interactions between them, the above statement is not valid anymore. It means that the upper energy level in the aforementioned series take a finite value. To find out this finite value, a cut-off criterion is required to terminate the electronic partition function of atomic species. The ionization potential of an atomic species in the presence of other ions and electrons is lowered due to a polarizing effect of neighboring charged particles. This reduction depends on the number densities of the charged particles or the gas pressure. This means that the pure-substance thermodynamic properties of single atomic species in the ionization range depend on both temperature and pressure. Consistently, we need to leverage a cut-off criterion which is also dependent on temperature and pressure called Griem model [27, 34] , which adopts the cut-off criterion to include only energy levels below reduced ionization potential
The reduced ionization potential depends on the plasma composition via the Debye-Huckel length l D which makes a selfconsistent solution and can be calculated [27, 34] as
This equation is valid as long as the Debye theory is valid through the following criterion [27, 35] :
where the Debye length is defined as
with e as the charge of electron, NS as the number of available species, N i as the number density of ith species, DIP as the reduced ionization potential, l D as the Debye-Huckel length, and z i as the charge of ith atomic species. In this research, the observed energy levels reported by Moore [36] and NIST [37] have been completed with the Rydberg-Ritz formulas using the isoelectronic sequence method [38] . In many analyses, the summation in Eq. (28) is approximated by considering only the first energy level which is called the ground state. The effect of the number of energy levels on the specific enthalpy and specific heat at constant pressure for some species in carbon plasma mixture is shown in Figs. 6(a) and 6(b), respectively. As shown, there is a significant difference between the exact self-consistent method with those of the so-called ground state method. This difference is associated to the partition function high-order derivative terms in Eqs. (24) and (25) .
Energy level inclusion in the electronic partition function series based on the self-consistent method as described earlier has a direct and significant impact on thermodynamics properties. The specific heat of the carbon plasma is compared between selfconsistent and ground state methods in Fig. 7 . As it is seen, for temperatures below 19,000 K, the effect of the number of energy levels on the values of the specific heat is negligible, because at relatively low temperatures the high order terms in the electronic partition function expansion are indeed negligible, but for temperatures above 19,000 the effect is significant and, importantly, it exhibits a strong pressure dependence.
The reason is that, differently from the ground state method, the self-consistent method takes into account the experimental observation that the number of energy levels is a function of both temperature and pressure. The accuracy of the ground state method significantly decreases as pressure increases. In other words, Fig. 7 shows that inclusion only the ground state or fixing the number of energy levels independent of pressure may introduce very large uncertainties in the estimated thermodynamic properties at high plasma temperatures, especially for derivative properties such as the specific heats.
Pure Plasma.
Once the equilibrium composition and individual thermodynamic properties of all available species have been determined, the (mass) specific properties of the pure plasma are calculated using the Gibbs-Dalton mixture model hðT; PÞ ¼ X NS i¼1 y i ðT; PÞ h i ðT; PÞ (33)
gðT; PÞ ¼ hðT; PÞ À T sðT; PÞ
The equilibrium specific heat ratio is given by
The isentropic exponent is given by
The speed of sound is defined as
where M t and q are the mean molar mass and density of the gas mixture which are calculated, respectively, as
There are two different limiting cases for derivative properties, such as specific heats at constant pressure, specific heat ratio, isentropic exponent, and speed of sound, called equilibrium and frozen. In frozen case, it is assumed that no chemical reactions exist within the system which means the composition does not change. In this case, the partial derivatives with respect to temperature must be evaluated at the fixed y i 's, so that we have 
Equilibrium and frozen cases for specific heat at constant pressure, c p;eq and c p;off , defined by Eqs. (34) and (42), are compared in Fig. 8 (a) for oxygen plasma at different pressures. Figure 8 (a) shows that equilibrium specific heat is a strong function of pressure through the effect of chemistry on equilibrium composition. The peaks and valleys shown in this figure are associated to the sequential dissociation and ionization reactions at which the rate of change of concentration becomes maximum. These sharp and sudden changes are smoothen as pressure increases. For the whole range of temperature, the frozen specific heat is smaller than the equilibrium one. Comparison of equilibrium specific heat of oxygen plasma calculated in this study with available data in literature [39] at pressure of 1 atm and temperatures up to 45,000 K shows a good agreement. Figure 8 (b) shows equilibrium specific heat ratio and the isentropic exponent for oxygen plasma at different pressures. As it can be seen, these two values are identical under the frozen condition. Figure 8 (c) shows the equilibrium and frozen speed of sound defined by Eqs. (39) and (45). The speed of sounds and consequently the Mach numbers show decreasing trend as pressure increases. At a given pressure and temperature, the frozen values are greater than the equilibrium ones for both specific heat ratio and speed of sound. When the rate of change of concentration with temperature, ð@y i =@TÞ P becomes small, the equilibrium curve will meet the frozen curve. It takes place when no bound electrons left in the atomic species. This behavior which is occurred around 80,000 K at pressure of 10 À6 atm is shown in Fig. 8 for different properties.
It is also necessary to check the validity of the ideal gas model assumption which this calculation is based upon. A plasma mixture can be considered as an ideal gas, if the ratio of the Coulomb energy between neighboring particles to the thermal energy of the particles which is called ideal gas ratio, W, is much smaller than one [40] 
where degree of ionization ðKÞ is defined as
The ideal gas ratio is shown in Fig. 9 for selected plasmas in a wide range of temperature and different pressures. It comfortably proofs the satisfaction of inequality (46) for all the pure plasmas in the pressure and temperature ranges considered in this work for which the virial corrections to thermodynamic properties is negligible [7, 41, 42] .
4.3 Fitting of Pure Plasma Thermodynamic Properties. In this section, thermodynamic properties of pure plasmas listed in Table 1 are fitted in the form of analytical expressions. Curvefit correlations are only reported in a few works [9, 12] for only air plasma which are not even thermodynamically related. Finding a set of thermodynamically self-consistent correlations in a wide range of temperatures (300-100,000 K) and pressures (10 À6 -100 atm) is very difficult. This process is even more complicated because of the nonmonotonic behavior of some properties as a function of temperature particularly for equilibrium specific heat. Modified Hill equation in conjunction with a modified Log-normal distribution function has been selected in order to accurately capture the peaks and valleys of the equilibrium specific heat. To have a self-consistent correlations, the specific enthalpy and the specific entropy are calculated by integration of the functional form of the correlation for c p;eq according to h ¼ Ð c p;eq dT þconst and s ¼ Ð ðc p;eq =TÞdT þ const, respectively. The analytical expressions for the frozen and equilibrium specific heat at constant pressure, the specific enthalpy, the specific entropy, and the mean molar mass are presented later. Having this set of properties is sufficient to evaluate the other thermodynamic properties using the equations presented in Sec. 4.2.
Frozen specific heat at constant pressure (kJ/kg K)
Equilibrium specific heat at constant pressure (kJ/kg K) is summation of frozen and reactive terms [39] . 
Specific entropy (kJ/kg K) is right
where erf and 2 F 1 ða; b; c; xÞ are the error function and the hypergeometric functions [43] , respectively. Mean molar mass (kg/kmol)
where I 1 , I 2 , and I 3 are the number of summation terms which are chosen so that the relative errors of the correlations are always less than 2%. The coefficients introduced in the earlier correlations are function of pressure and can be defined as a polynomial curve (PC m ) of degree m in lnðPÞ
The values of m Ã is chosen for different plasma so as to provide the best fit. In this way, all the thermodynamic properties are expressed as a function of temperature and pressure. The values of I 1 , I 2 , I 3 , m Ã , and n j coefficients that result from the least square fitting procedure are reported in the Appendix for different pure plasmas such as H 2 , He, C, N 2 , O 2 , Ne, and Ar. In summary, there are three different approaches to calculate thermodynamic properties and the equilibrium composition of a pure plasma (1) the complete chemical equilibrium method, (2) the step-by-step model, and (3) the preprocessed curve-fitting approach based on approach (1).
Approach (1) provides the most accurate way to find the values of thermodynamic properties provided that the appropriate cut-off criteria are used for the electronic partition functions. This approach, however, is very time-consuming and expensive if it has to be computed at each node of the CFD grid, mainly because the model requires a large number of species and minimization of Gibbs free energy is computationally heavy. In this kind of CFD approach, a significant decrease of the computation time can be obtained using the step-by-step model, i.e., approach (2) . Figure 10 shows a comparison of specific enthalpy, specific entropy, and specific heat at constant pressure obtained with these two approaches for a wide range of temperature of 300-100,000 K and three different pressures of 10 À6 , 1, and 100 atm for argon plasma. As it can be seen, the step-by-step method is in satisfactory agreement with the complete equilibrium method and other available data in the literature by Colombo et al. [39] , while its computation time is only 10 À4 of that needed by the complete equilibrium method. Approach (3) has the ability to provide accurate values of thermodynamic properties by simple evaluations of curve-fitted correlations based on preprocessed calculations that use approach (1). These correlations can be used during the CFD calculations to reduce the complexity of the CFD code and to save running time while keeping the high accuracy of the complete equilibrium method. Comparison of the specific heat and mean molar mass in Fig. 11 for nitrogen plasma at different pressures shows an excellent agreement between the exact and fitted data.
Thermodynamic Properties of Arbitrary Plasma Mixtures
In this section, an alternative approach to calculate the thermodynamic properties of plasma mixtures consisting of the elemental atoms of H, He, C, N, O, Ne, and Ar is introduced. A plasma mixture including two or more of above elemental atoms, which is called hereafter an arbitrary plasma mixture, is widely used in industry, and therefore, its thermodynamic properties are desired for modeling of thermal plasma process. For example, in tungsten inert gas welding, helium or hydrogen is often added to the argon plasma gas. In metal inert gas welding, carbon dioxide or oxygen is added to argon. In circuit breakers, sulfur hexafluoride is generally used, and ablated polymer or ceramic vapors form part of the mixture. Plasma cutting often takes place in air. In plasma spraying, nitrogen, helium, or hydrogen is typically added to argon. In many applications, metal evaporated from electrodes can "contaminate" the gas mixture. In mineral processing and waste destruction, very complex gas mixtures are 
a small concentration of argon, nitrogen, oxygen, and carbon monoxide. Jupiter is composed of hydrogen and helium. Venus has carbon dioxide and nitrogen in its atmosphere. In ignition process in the combustion devices, different mixtures of air/fuel (methane [44, 45] , syngas [46, 47] , GTL [48, 49] , JP-8 [50] , etc.) and some combustion products are typically used. Due to the broad range of applications and composition, having an accurate model to easily calculate the thermodynamic properties of any arbitrary plasma mixtures including elemental atoms of H, He, C, N, O, Ne, and Ar is essential.
The same method of calculation explained in Sec. 2 for pure plasma can be applied for any arbitrary plasma mixtures. However, this method is accurate but its complication as well as high computational time leads us to find an alternative method. In this alternative method, the thermodynamic properties of any arbitrary plasma mixtures can be calculated in terms of the pure plasmas listed in Table 1 . Any arbitrary plasma mixture including elemental atoms of H, He, C, N, O, Ne, and Ar in their chemical structure can be expressed in terms of pure plasmas, i.e., X H2 H 2 þ X He He þX C C þ X N2 N 2 þ X O2 O 2 þ X Ne Ne þ X Ar Ar, where the X j is the initial mole fractions. Knowing the properties of pure plasmas and their concentration (Secs. 3 and 4), the properties of any arbitrary plasma mixture (mass basis) can be calculated using Gibbs-Dalton mixture of ideal gases
where -j 's are thermodynamic properties of pure plasmas, Y j is the initial mass fraction Y j ¼ X j ðM j =M int Þ, and M int is the initial mean molar mass of the equivalent system. Table 3 shows couple of selected arbitrary plasma mixtures and their equivalent systems. It will be shown that the properties calculated via the alternative method are in excellent agreement with the exact method especially at high temperatures in which the thermal plasma plays a significant role. To prove this claim, the thermodynamic properties of water and air plasma mixtures are calculated using both exact and alternative methods. Figure 12 compares specific heat at constant pressure, specific enthalpy, and specific entropy of water plasma mixture using exact and alternative methods. Alternative method shows a very good agreement except for low temperature conditions particularly for temperatures less than 5000 K. The same behavior is discovered for air plasma mixture in Fig. 13 . In this figure, the alternative method is compared with exact method and other available data in literature. This alternative method represents a satisfactory agreement except for low temperatures at which the ionization is at the early stages. The reason is that in the alternative method, the chemical interactions between different molecules at low temperatures are ignored. This alternative method can be a good candidate for any arbitrary thermal plasma mixtures above the temperatures of 5000 K.
Conclusion
Due to different gas mixtures in thermal plasma applications, the thermodynamic properties of plasma mixtures at a broad range of temperatures (300-100,000 K) and pressures (10 À6 -100 atm) must be calculated to ensure accurate modeling of the thermal plasma process. Most of the gas mixtures in thermal plasma applications contain hydrogen, helium, carbon, nitrogen, oxygen, neon, and argon as their elemental atoms. In this study, a comprehensive and accurate model has been Fig. 11 Comparison of (a) specific heat at constant pressure and (b) mean molar mass of nitrogen plasma between exact calculated data (solid line) and fitted data (bullet points) for pressures of 10 26 , 1, and 100 atm Fig. 10 Comparison of (a) specific enthalpy, (b) specific entropy, and (c) specific heat at constant pressure obtained with the complete equilibrium (solid line), the step-by-step (dashed line) methods, and Colombo et al. [39] (square bullet points) for argon plasma at three different pressures of 10
26
, 1, and 100 atm developed to calculate the thermodynamic properties of any pure and mixed thermal plasma. The model is based on statistical thermodynamics. In order to prevent the divergence problem of the electronic partition function expansion series of atomic species, the Griem's self-consistent model in conjunction with the Debye-Huckel length has been applied to calculate the reduction of the ionization potential. The effect of number of energy levels and two different composition solvers on thermodynamic properties has been demonstrated. The results have been compared to available experimental data and the agreement is excellent. For pure plasmas listed in Table 1 , the properties have been summarized in the form of curve-fitted correlations as functions of temperature and pressure. In this study, a new alternative approach to calculate the thermodynamic properties of any arbitrary thermal plasma mixtures in terms of the pure plasmas listed in Table 1 has been introduced. In addition, the results have also allowed the following conclusions:
The complete equilibrium is a good candidate when the purpose of calculation is to create a valid and accurate database of thermophysical properties. For CFD calculations in which the computational speed is important, the progressive (step-by-step) method which has a satisfactory agreement with complete equilibrium can be used. Energy level inclusion in the electronic partition function series based on the self-consistent method has a direct and significant impact on thermodynamics properties. The peaks and valleys shown in specific heat are associated to the sequential dissociation and ionization reactions at which the rate of change of concentration becomes maximum. These sharp and sudden changes are smoothen as pressure increases. For the whole range of temperature, the frozen specific heat is smaller than the equilibrium one. The speed of sounds and consequently the Mach numbers show decreasing trend as pressure increases. At a given pressure and temperature, the frozen values are greater than the equilibrium ones for both specific heat ratio and speed of sound. The thermodynamic properties calculated via the alternative method are in excellent agreement with the exact method especially at high temperatures in which the thermal plasma plays a significant role.
Appendix: Correlations for Pure Plasmas
In this Appendix, we present the coefficients to calculate frozen and equilibrium specific heat at constant pressure, specific enthalpy, specific entropy, and mean molar mass, according to Eqs. (48)- (52), respectively, for pure plasmas of hydrogen (H 2 ), helium (He), carbon (C), nitrogen (N 2 ), oxygen (O 2 ), neon (Ne), and argon (Ar). Transactions of the ASME 
